The pattern of tissue tropism for several prototype and uneharacterized strains of mouse hepatitis virus (MHV) was studied by intranasal inoculation of each virus strain into groups of neonatal Swiss mice under otherwise identical conditions. Mice were killed at intervals up to 18 days after inoculation, and their tissues were examined for the presence of 5{HV antigen by indirect immunofluorescence. Two patterns of infection were apparent. Prototype MHV strains 1, 3, A59, JHM, S and uncharacterized MHV strMns Tettnang and wt-1 produced a respiratory pattern, in which nose and lung were consistently involved with dissemination to other organs in a vascular distribution. Pulmonary vascular endothelium and alveolar septal cells, but not airway epithelium, were infected. An enteric pattern was observed with MHV-Y and wt-2 in which N H V antigen was largely restricted to the nose and bowel, with limited dissemination to other abdominal organs but not lung. Intestinal lesions in these mice were severe compared to those manifesting the respiratory pattern of infection. These results indicate that, like coronaviruses of other species, different, strains of MHV possess different primary and secondary organotropisms following a natural route of inoculation in a susceptible host.
Introduction
Coronaviruses are an important group of human and animal pathogens which cause primarily respiratory and enteric disease, depending on virus strain and host species. Different strains of coronavirus from a single host species, such as man, can have either respiratory or enteric tropism (25) . Laboratory mice are commonly infected with mouse hepatitis virus (MHV), a singular name which actually represents many strains that can be partially differentiated biologically or antigenically. MHV has served as a model for the molecular biology of coronaviruses, viral hepatitis, encepha~ litis and demyelination, as well as a model for genetic and age-related resistance to viral disease (2, 21, 23, 25, 31) . MHV can cause significant clinical disease in mice (4) or a number of more subtle but equally significant effects, including modified immune responsiveness (27, 36) , an effect upon tumor kinetics (1, 7, 12, 20, 22) and effects upon macrophage function (6, 34) which can negate the research usefulness of the infected animal.
Despite extensive studies on MHV, little is known about its pathegenesis in mice following natural routes of exposure. Selective organotropism of certain MHV strains, such as neurotropism and hepatotropism, has been demonstrated (23, 25, 31) . However, true differences between MHV strains are difficult to assess, since in most studies, virus has been inoculated by artifical routes, only a few target organs have been examined and mice of different ages, genotypes and microbial status have been used. In the present report, we compare patterns of tissue tropism following intranasal inoculation of pathogen-free mice with several prototype and uncharacterized MHV strains under otherwise identical conditions. Since resistance to MHV is age-related, neonatal mice were utilized to allow maximal expression of infection.
Materials and Methods

Mice
Late pregnant outbred CD-I Swiss mice were purchased (Charles River Breeding Laboratories, Portage, MI) and shipped in filtered boxes, placed in sterile flexible film isolators and allowed to whelp. Mice from this source were seronegative to all detectable murine viruses, including MHV and rotavirus, by serological methods previously described (3, 28, 30) . Each experimental group was established by placing two dams and their combined litters into a Micro-Isolator cage (Lab Products, Maywood, NJ) with sterile food, water and corncob bedding. Cages were kept in separate rooms and handled with disposable gloves to prevent cross-contamination among treatment groups.
Virus
Prototype MHV strains I, 3, A59, JHM and S were obtained from the American Type Culture Collection, Bethesda, MD. Four wild-type MI-IV isolates were also utilized. Tettnang virus is a recently characterized MHV strain which is antigcnically related to JHM and MHV-I (29) . MIIV-Y was isolated from infant mice with typhlocolitis, and is azltigenically related to MI-IV-S and MI-IV-I (4). The other two unnamed wild type (wt) isolates herein referred to as wt-I and wt-2, were isolated from natural cases of MHV infection in mice. Antigenic relationships for the MHV strains were determined by cross neutralization with prototype and test strain reagents as previously described (4, 29) . M H V 1, 3, A59, J H M , S, Y, a n d w t -t virus stocks consisted of tissue culture fluid from infected, mycoplasma-free NCTC 1469 celt cultures. T e t t n a n g a n d wt-2 virus stocks were in t h e form of t0 p e r c e n t infected mouse liver suspensions. T e n tzl of inoeulum, c o n t a i n i n g a p p r o x i m a t e l y 10 4 m e d i a n tissue culture infectious doses of M~-IV, was placed on t h e external nares of each mouse p u p at 2 --4 days of age. Virus stocks were n o t disclosed until completion of t h e study.
T i s s u e Collection a n d Processing
Two pups from each group were killed b y d e c a p i t a t i o n on each of days 3, 6, 11, 14 a n d 18 after inoculation. I n some groups, pups were also e x a m i n e d on days 1 or 2 after inoculation a n d m o r i b u n d pups were also examined. D e p e n d i n g on virulence of t h e inoculated virus, some samples were n o t available at later intervals (days I1, 14 or 18). T h e e a l v a r i u m a n d b o d y cavities were opened a n d tissues were fixed in 10 percent, neu~raI buffered formalin, p K 7.2. Tissues were processed for light microscopy a n d i m m u n o h i s t o e h e m i s t r y as described earlier (8) . All immunofluoreseenee tests were performed w i t h M H V -p o s i t i v e a n d negative a n t i s e r u m a n d tissue controls. A control group was given sterile inoculum a n d processed similarly. The d i s t r i b u t i o n of M H V a n t i g e n in all m a j o r organs of each mouse a t each interval was recorded.
Results
C r o s s n e u t r a l i z a t i o n t e s t s ( T a b l e 1) i n d i c a t e d t h a t b o t h w t -1 a n d w t -2 w e r e r e c i p r o c a l l y r e l a t e d t o J H M a n d u n i l a t e r a l l y r e l a t e d t o A 5 9 ( w t -1 ) o r M H V -S ( w t -2 ) . Table 1. A n t i g e n i c c o m p a r i s o n s o / / i e l d ( w i l d type) M H V isolates with prototype ~H V strai~s b~y cross ne~,tralization
Homologous n e u t r M i z a t i o n reactions are in italics b __ I n d i c a t e s n e u t r a l i z a t i o n did n o t occur with sera diluted 1 : 2 A l l M H V i s o l a t e s i n f e c t e d m u l t i p l e t i s s u e s of s u c k l i n g m i c e . H o w e v e r , t w o b a s i c p a t t e r n s of o r g a n i n v o l v e m e n t w e r e a p p a r e n t ( T a b l e 2). T h e p r o t o t y p e M H V s t r a i n s , T e t t n a n g a n d w t -i a l l i n f e c t e d u p p e r r e s p i r a t o r y m u e o s a a n d l u n g , w i t h g e n e r a l i z a t
i o n t o o t h e r o r g a n s i n a v a s c u l a r d i s t r ib u t i o n ( r e s p i r a t o r y p a t t e r n ) . M H V s t r a i n s Y a n d w t -2 also i n f e c t e d u p p e r r e s p i r a t o r y m u c o s a , b u t n o t l u n g o r v a s c u l a r e n d o t h e l i u m . T h e s e s t r a i n s
were largely restricted to the intestine, where they induced significant lesions (enteric pattern). In all experimental groups, "organ distribution and staining intensity of MHV antigen was greatest On days 3 and 6 after inoculation, corresponding to necrosis detected histologically. In mice beyond day 6, MHV antigen was reduced or absent, suggesting recovery. Neither MHV antigen nor lesions were found in control mice. Fig. 1) but not glia with scattered foci in the cerebral cortex, midbrain and brainstem. The eerebellar cortex was usually spared. The pattern suggested a vascular distribution, although MHV antigen was not found in brain vessels. Random involvement of cranial and spinal nerves or ganglia was observed in a few mice.
With the exception of groups inoculated with MHV-Y and wt-2, lung was a frequent site of MHV antigen localization. A few pyknotie cells in alveolar walls and hemorrhage into alveoli were evident in these mice. Fluorescence of vascular endothelial cells and unidentified alveolar septat ceils (Fig. 2) was usually noted in a patchy distribution. Antigen in vascular endothelium was often observed in several other organs, especially the great vessels at the base of the heart. Yoci of hepatocellular necrosis and MItV antigen were visible in Mt but. MHV-Y-infeeted mice. Necrosis was remarkably severe in the MHV-3-inoculated :mice but with relatively weak fluorescence of MHV antigen in involved hepatocytes. Intensity of MHV antigen staining in the liver was usually mild compared to other organs and antigen-positive hepatoeytes were often found without necrosis. Kupffer cells only rarely contained antigen. A single JHM-infected mouse had one focus of interstitial MHV antigen in the renal medulla. In all other mice, kidney, pancreas and salivary gland (when represented) did not contain detectable MHV antigen.
MHV antigen was found in intestine (but not stomach) of all groups except MttV-l-infected mice. Antigen was usually confined to a few randomly distributed single and small multinucleate enteroeytes in the small or large intestine. Histopathologieal changes were minimal. Exceptions to this pattern were apparent in mice infected with MHV-Y and wt-2. These mice had extensive MHV antigen in the intestinal mucosa, especially in the colon and cecum (Fig. 3) . This form of infection was associated with mucosal necrosis, hyperplasia and inflammation. MHV antigen was found in one or more lymphoretieular organs in mice of all groups and bone marrow of many mice. Foci of MttV antigen were evident in the thymic medulla and only rarely cortex, peripheral lymph nodes or lymph nodes draining abdominal organs (hepatic and/or mesenteric). The splenic white pulp and loci of red pulp generally contained few MI-IV antigen-positive cells. Lymphocytic necrosis and occasional syncytia were seen in these organs. Bone marrow involvement was focal but present in many bones. MHV antigen was seen in hematopoeitic cells including megakaryocytes. 1VIHV antigen was not observed in bone marrow of MFIV-Y or wt-2-infeeted mice.
Discussion
These results help to clarify the interaction of MFIV strains with their host species, the mouse. Hepato-and neurotropism following intraperitoneal and intracranial inoculation of MHV have been emphasized in the literature (21, 23, 25, 31) , providing little insight into pathogenesis following natural routes of infection. This study suggests that strains of MHV produce two basic patterns of infection, respiratory and enteric, following intranasal inoculation. Secondary involvement of other organs, such as liver, brain, bone marrow and lymphoid organs, is common in a susceptible host such as the neonate. Coronaviruses of other species also manifest these two primary patterns, often with secondary invoIvement of other organs (25) .
The most, common pattern of infection, as seen with the prototype MHV strains and with two other strains, Tettnang and wt-1, is the respiratory pattern. Others have shown preferential infection b y the intranasal over oral route with MHV-2 (17), MHV-S (32), and J H M (10). Lesions or antigen have also been shown in the nasal mueosa of mice infected with MHV-S and J H M (3, 11, 33) and lungs of mice inoculated with MHV-t, A59, MHV-S and JtIM (3, 9) . Endothelial syncytia have been described in the pulmonary vaseulature of athymie nude (nu/nu) mice (13) . In lungs, MHV antigen is restricted to vascular endothelium and unidentified alveolar septai cells. The lung is therefore probably important in clearance or dissemination of virus within the host, rather than as a route of virus excretion. Weanling Swiss mice inoculated intranasally with MtIV-S have lesions, viral antigen and infectious virus in the nose and lung early in the course of infection, with occasional dissemination to other organs at later intervals (3). The findings reported here and previously (3) suggest that the bowel pla, ys a minimal role in virus replication and excretion with MHV strains which cause the respiratory syndrome.
Enteric MHV syndromes have been recognized for some time (5), but the relationship of the causative viruses to the MHV group has been confusing. Like coronaviruses of other species, enteric MHV strains produce significant lesions and resultant clinical signs referable to the bowel, particularly in neonates. Some of these strains appear to be highly enterotropic, with little dissemination to other organs, as seen with MI-IV-Y (4), while others (L. I. V. I.N., MHV-S/CDC, ~ItIV-D) spread to liver and brain depending on virus strain and host factors (5, 15, 18) .
The data generated in this study are intended for relative comparison bet, ween virus strains under parallel conditions, but should be interpreted with caution. They do not necessarily mean that a given MHV strain possesses or lacks tropism for a particular tissue. Tropism for any organ, tissue or cell type depends not only on virus strain and passage history, but on route of inoculation, host age and genotype as well. For example, MHV A59 did not infect nervous tissue in this study or as an original isolate (22) , but others have shown A59 neurotropism (19) . Temperaturesensitive mutants of neurotropic JHM may have selective tropisms for glia, while parental (wild type) JHM replicates in both neurons and glia (11). Different patterns of brain lesions occur with MHV-3 in different mouse genotypes (35) . Both MHV-S and JHM were markedly neurotropic in the present study, a feature which was obvious when both of these strains were first isolated (10, 26) . Furthermore, direct extension of MHV from the nose to the olfactory bulbs has been described only with these two strains (3, 14, 33) , an observation which we have reproduced here.
There are clearly MHV strain-related patterns of primary target tissue and secondary organotropism, but these patterns overlap considerably. Based on the nine strains compared here, tropism for bone marrow and lymphoreticular organs, as described for MHV-3 (16, 24) , may be common for most MHV strains. Even basic patterns can overlap, since an enterotropic MHV strain, MHV-D, has been shown to infect nose and lung as well as liver and brain (18) . However, the current study provides useful generalities for understanding the pathogenesis of infection with this very common virus of laboratory mice.
